In mature seeds of Brassica napus three major and three minor myrosinase isoenzymes were identified earlier. These myrosinases are known to be encoded by at least two different families of myrosinase genes, denoted MA and MB. In the work described in this paper the presence of different myrosinase isoenzymes i n embryos, seedlings, and vegetative mature tissues of B. napus was studied and related to the expression of myrosinase MA and MB genes in the same tissues to facilitate future functional studies of these enzymes. In developing seeds, myrosinases of 75,73, 70, 68, 66, and 65 kD were present. During seedling development there was a turnover of the myrosinase pool such that i n 5-d-old seedlings the 75-, 70-, 66-, and 65-kD myrosinases were present, with the 70-and 75-kD myrosinases predominating. In 21-d-old seedlings the same myrosinases were present, but the 66-and 65-kD myrosinase species were most abundant. At flowering the mature organs of the plant contained only a 72-kD myrosinase. MA genes were expressed only i n developing seeds, whereas MB genes were most highly expressed i n seeds, seedling cotyledons, young leaves, and to a lesser extent other organs of the mature plant. hybridization analysis of B. napus embryos showed that MA transcripts were present predominantly i n myrosin cells in the axis, whereas MB genes were expressed in myrosin cells of the entire embryo. The embryo axis contained 75-, 70-, and 65-kD myrosinases, whereas the cotyledons contained mainly 70-and 65-kD myrosinases. Amino acid sequencing revealed the 75-kD myrosinase to be encoded by the MA gene family. The high degree of cell and tissue specificity of the expression of myrosinase genes suggests that studies of their transcription should provide interesting information concerning a complex type of gene regulation.
isothiocyanates, nitriles, thiocyanates, amines, epithionitriles, or oxazolidine-2-thiones are formed (Chew, 1988) . Glucosinolates and their degradation products are believed to be important for the interaction between the plant and other organisms (Chew, 1988) . Glucosinolates and/or their degradation products have been shown t o stimulate oviposition (Nair et al., 1976; Reed et al., 1989) and feeding in insects that are adapted to glucosinolate-containing species (Tanton, 1977; Chew, 1988) but also to deter other groups of insects (Tanton, 1977) . The myrosinase-glucosinolate system has, therefore, been suggested to act as a defense system through the toxic products that are generated.
Myrosinases are present in seeds, seedlings, and mature tissues of the plant but only in a few special cells, myrosin cells (Thangstad et al., 1990; Hoglund et al., 1991) . In seeds, myrosin cells constitute approximately 1 of 50 cells, and the enzyme is stored in the myrosin grains of these cells (Thangstad et al., 1991; Hoglund et al., 1992) . Several myrosinase isoenzymes with different degrees of glycosylation exist (Lonnerdal and Janson, 1973) . Each myrosinase species seems to be able to catalyze the degradation of a variety of different glucosinolates. Myrosinases are usually activated by ascorbic acid (Tsuruo and Hata, 1967) . There is some evidence that different myrosinases are present in different organs (Pihakaski and Pihakaski, 1978; Phelan and Vaughan, 1980; James and Rossiter, 1991; Lenman et al., 1993) .
Immunological studies using polyclonal and monoclonal antibodies directed against myrosinase have shown that Brassica napus mature seeds contain three major groups of myrosinase isoenzymes, with subunit molecular masses of 75, 70, and 65 kD, and three minor myrosinases, with subunit molecular masses of 73, 68, and 66 kD (Lenman et al., 1990) . The 75-kD myrosinase consists of a group of three different isoenzymes, with the same apparent molecular masses but with different degrees of glycosylation. The 75-kD myrosinases form disulfide-bonded homodimers, whereas the 70-and 65-kD myrosinases, when isolated from seeds, are associated with two proteins of 52 and 50 kD (Lenman et al., 1990) .
Several Sinapis alba and B. napus seed cDNA clones coding for myrosinase have been isolated and sequenced (Falk et al., 1992; Xue et al., 1992; Lenman et al., 1993) . Based on sequence similarity between the cDNA clones, they could be divided into two families, denoted MA and MB. The amino acid sequence similarities between myrosinases belonging to the MB family are more than 90% and between the MA and Plant Physiol. Vol. 103, 1993 MB myrosinases about 60%. B. napus has approximately four myrosinase MA genes and more than 10 MB genes. The relationship between the MA and MB gene families and the various myrosinase isoenzymes is not known. To determine the relationship between the two gene families and the various myrosinase isoenzymes, the expression of MA and MB genes in different tissues of B. napus has been related to the presence of different myrosinase proteins. The location of myrosinase MA and MB transcripts in B. napus embryos has been studied by in situ hybridization, and 75-kD myrosinase has been partially sequenced. The information gained from this study is important to future functional studies on these enzymes. We have used B. napus in this study because a considerable amount of information concerning myrosinase isoenzymes, myrosinase genes, glucosinolates, and interaction with different insects has been accumulated for this species. In addition, transformation protocols have been developed for B. napus in contrast to, for example, Brassica oleracea and Brassica campestris.
MATERIALS A N D METHODS

Plants
The Brassica napus var Hanna (Weibulls AB, Landskrona, Sweden), var Westar (Agriculture Canada, Saskatoon, Canada), and the dihaploid line 20516-K of var Svalofs Karat (Svalof AB, Svalov, Sweden) were used throughout this study. 20516-K plants were grown in a greenhouse and seeds were harvested 15, 20, 25, 30, 35, 40 , and 45 DAP. Stems, the fourth and fifth leaves, petals, pedicels, and siliques were harvested from mature plants. Seedlings were grown on Murashige and Skoog medium (Flow Laboratories, Irvine, UK) in a Fi-totron 600H cultivation chamber (Fisons Environmental Equipment, Loughborough, UK), and roots, hypocotyls, cotyledons, and young leaves were harvested after 21 d. Hypocotyls and cotyledons were also harvested after 5 d.
Protein Extraction, SDS-PACE, Electrotransfer, and Western Blotting
Immature and mature seeds as well as different tissues from seedlings and mature plants were used for the extraction of proteins. Total protein extracts were made in five media: water; 20 mM imidazole-HC1 (pH 6.0); 20 mM imidazole-HC1, 50 mM NaCl (pH 6.0); 100 mM Tris-HC1 (pH 7.4); and SDS-PAGE sample buffer (44 mM Tris-HC1 [pH 8.81, 16% glycerol, 0.01% bromphenol blue, 4% SDS, 12.5 mM DTT). Nonembryonic tissue (250 mg) or 40 embryos were ground in 1 mL of buffer in a chilled mortar, transferred to an Eppendorf tube containing 1 O0 mg of polyvinylpolypyrrolidone in the extraction buffer, vortexed thoroughly, and centrifuged. Samples of the protein extracts from immature embryos and seeds(25 pL), samples of the protein extracts from a11 vegetative tissues except roots (100 pL), and samples from roots (200 pL) were used. A11 samples were mixed with SDS-PAGE sample buffer, heated, reduced, and applied to 8% SDS-PAGE gels. In this gel system the relative mobilities of the 75-, 70-, and 65-kD myrosinases are slightly higher than in the gel system used to determine their apparent molecular sizes (Lenman et al., 1990) . However, the original nomenclature is retained in this paper. Proteins were transferred onto nitrocellulose filters according to the method of Towbin et al. (1979) . The filters were stained according to protocols fclr the Protoblot system (Promega Biotec, Madison, WI), except for the blocking, which was in 10 mM Tris-HC1 (pH 8.0), 150 mM NaC1, 0.05% Tween 20 containing 1% BSA, and 5% hemoglobin. Two different antibodies were used: 3117, a monoclonal mouse anti-rapeseed 75-kD myrosinase, and a rabbit antiserum, K505, made against the same protein i (Lenman et al., 1990) .
Probes
The MA and MB myrosinase family-specific probes used in this study were from the plasmids pT7T3-MA264 and pT7T3-MB and were identical with those described by Lenman et al. (1993) . Specifically, the MB probe corresponds to bp 1714 to 1951 of the cDNA clone MYRl (Falk et al., 1992) , and the MA probe was the insert of the partia1 cDNA clone MA264 (Lenman et al., 1993) . For use in slot blot analyses, the inserts of these plasmids were isolated and radioací.ively labeled by random priming. The MA and MB probes show 71% identity, as compared to about 91% identity between clones of the same family. When the two probes were used for hybridizatian of a slot blot filter containing a dilution series of the plasmids pT7T3-MA264 and pT7T3-MB, the probes cross-hybridized only at the 1 % level. Furthennore, the two probes recognized different DNA fragments in Southern analysis of B. napus genomic DNA (Lenman et al., 1993 Falk et al. (1992) . Seeds were taken 15, 20, 25, 30, 35, 40 , and 45 IDAP. Total RNA from mature tissues was prepared according to the method of Falk et al. (1992) .
Slot Blot Analysis
Slot blot filters, Pall Biodyne B (Pall, New York, NY), were prepared by applying 3 pg of total RNA to each slot. Wheat embryo total RNA (3 pg) was added to separate slcts as negative controls. Calibration curves of the pT7T3-MA264 and pT7T3-MB plasmids were made by applying a 1:2 dilution series between 500 and 4 ng of each plasmid to individual slots. The RNA samples were denatured at 68OC in 50% formamide, 7% formaldehyde, 1 X SSC (15 m~ sodium citrate [pH 7.01, 0.15 M NaCl) for 15 min, and the DNA sarnples were denatured in 1 M NaOH, 1.5 M NaCl at 95OC before application. Hybridizations were as described by Lenman et al. (1993) . The samples were washed twice in 2 X SSC, 0.1% SDS at room temperature for 15 min and twice in 0.4X SSC, 0.1% SDS at 5OoC for 15 min. In addition to the hybridizations with the two myrosinase probes, the DNA filters were probed with a p-lactamase probe to calibrate the two startdard dilution curves. The filters were exposed to preflashed films to obtain linearity (Laskey and Mills, 1975) . The autciradiograms were subsequently scanned using an Ultroscan XL densitometer (LKB, Bromma, Sweden).
In Situ Hybridization
35 S-Labeled probes were prepared according to the protocols from Promega (Promega Biotec). Seeds were fixed in 4% paraformaldehyde, 100 mm sodium phosphate (pH 7.0), and 0.25% glutaraldehyde for 6 h at room temperature and then dehydrated in a graded series of ethanol solutions, followed by a xylene incubation before infiltration and embedding in Histowax (Histolab, Goteborg, Sweden). Sections were cut 5 to 6 jtm thick in a Reichert C microtome and mounted on aminopropyltriethoxy silane-treated slides. Pretreatment of sections was essentially according to the method of Cox and Goldberg (1988) , but the treatment with BSA was omitted. Sections were treated with 100 ng mL~' of proteinase K and 2 mg mL~' of Gly in 200 HIM sodium phosphate (pH 7.0). Hybridizations and washes were done according to the method of Cox and Goldberg (1988) with minor modifications. The final wash was in O.lx SSC, 1 mM DTT at 55°C for 1 h. These conditions gave a high-stringency washing without loss of signals.
Immunocytochemistry
Immunocytochemical staining of myrosinase-containing cells was done according to a method described by Hoglund etal. (1991) .
Purification of 75-kD Myrosinase
Proteins were extracted from B. napus (var Hanna) seeds (100 g) in 50 mM sodium acetate (pH 4.2), 150 mM NaCl, 1 mM PMSF. The extract was centrifuged at 16,000g for 30 min and passed through a 10-^m filter. The filtrate was brought to 65% saturation with ammonium sulfate and stirred for 40 min at 4°C. After the filtrate was centrifuged at 16,000g for 10 min, the resulting supernatant was dialyzed thoroughly against water. The pH of the solution was then adjusted to 8.0 with 1 M Tris and applied to a 10-mL column of QSepharose (Pharmacia Biosystems, Uppsala, Sweden) equilibrated with 20 mM Tris-HCl (pH 8.0). The column was eluted stepwise with 25 mL each of 20 mM Tris-HCl (pH 8.0); 20 mM Tris-HCl (pH 8.0), 200 mM NaCl; and 20 mM Tris-HCl (pH 8.0), 500 mM NaCl. Myrosinase was eluted with the middle buffer. The corresponding fractions were combined and dialyzed against 50 mM sodium acetate (pH 4.2) and applied to an S-Sepharose column equilibrated with the same buffer. The column was eluted with a 50 to 250 mM NaCl gradient in the same buffer. Fractions were analyzed by SDS-PAGE. The 75-kD myrosinase eluted at about 100 mM NaCl. Seeds (100 g) yielded 2 mg of purified 75-kD myrosinase.
Endoproteinase Lys C Digestion of Myrosinase and Isolation of Peptides
Purified myrosinase (200 /tig) was vacuum dried, dissolved in 50 ML of 6 M guanidine-HCl, and heated at 56°C for 10 min. Then, 100 /*L of 0.2 M Tris-HCl (pH 8.5) and 1 ^g of endoproteinase Lys C from Achromobacter lyticus were added, and the digestion mixture was incubated at 37°C overnight. The digested myrosinase was reduced by addition of 10 ^L of /3-mercaptoethanol and incubation at 37°C for 30 min.
Alkylation was carried out by the addition of 10 ^L of 4-vinylpyridine, followed by incubation for 2 h at 22°C in the dark. The resulting peptides were separated on an HPLC C 4 column (Aquapore RP-300, 2.1 X 30 mm; Brownlee Laboratories, Applied Biosystems, Santa Clara, CA) using a gradient of 5 to 60% acetonitrile in 0.1% TFA. Peptides were tested for purity on an Applied Biosystems 270-HT capillary electrophoresis system (Applied Biosystems, Foster City, CA).
Amino Acid Sequence Determination
Peptides from 75-kD myrosinase were sequenced using Applied Biosystems 470A and 476A sequencers and the PROFTA program (Applied Biosystems).
RESULTS
Extraction of Myrosinases
To investigate the total range of myrosinases in B. napus, the influence of extraction conditions on the solubilization of the enzyme from mature seeds was investigated. Seed proteins from three different varieties were extracted with five different solutions: water; 20 mM imidazole-HCl (pH 6.0); 20 mM imidazole-HCl, 50 mM NaCl (pH 6.0); 100 mM Tris-HCl (pH 7.4); and SDS-PAGE sample buffer. Solubilized proteins were separated by SDS-PAGE, and myrosinases were identified by western blot analysis with the anti-myrosinase monoclonal antibody 3D7 (Lenman et al., 1990) . Extraction of seeds with the imidazole/NaCl buffer solubilized three major types of myrosinase chains with molecular masses of 75, 70, and 65 kD (Fig. 1 ). Minor myrosinases with molecular masses of 73, 68, and 66 kD were also extracted with this buffer (Lenman et al., 1990) . The myrosinase pattern obtained when the extraction was made with the other nondenaturing buffers was nearly identical with the one with 20 mM imidazole-HCl, 50 mM NaCl (data not shown). Direct solubilization with SDS-PAGE sample buffer also produced a similar pattern. However, the 70-, 66-, and 65-kD bands were more intense, and the 70-kD band was also wider, showing that more and possibly also additional myrosinase species were solubilized in this solution. The monoclonal Plant Physiol. Vol. 103, 1993 antibody 3D7 most likely detected all myrosinase species present, because western blot analysis with the polyclonal anti-myrosinase antiserum K505 did not reveal any additional bands (data not shown). As shown in Figure 1 , there was no major difference in the content of myrosinase isoenzymes of mature seeds among the three different varieties tested.
Distribution of Myrosinase Transcripts and Isoenzymes in Different Tissues of B. napus
It was previously shown that myrosinase MB mRNA is present in many tissues of B. napus seedlings and mature plants. The highest amounts were found in cotyledons, young leaves, and mature seeds (Falk et al., 1992) . To investigate further the expression of myrosinase genes, the MA-and MB-specific probes (Falk et al., 1992; Lenman et al., 1993) were used to hybridize a slot blot containing total RNA isolated from different tissues. As shown in Figure 2 , MB transcripts were detected in RNA from all tissues except the root and, as described earlier, in higher quantities in mature seeds, seedling cotyledons, and young leaves (Falk et al., 1992) . In contrast, no MA transcripts could be detected in organs other than the seed.
To correlate myrosinases of different apparent molecular masses with transcripts from the two known myrosinase gene families, MA and MB, western blot analysis of protein extracts from different organs was carried out. Myrosinases were detected using the monoclonal antibody 3D7. Figure 3 shows the myrosinases present in B. napus leaves, stem, siliques, pedicels, and petals. The only myrosinase present in the mature plant was a 72-kD species.
Myrosinases in 5-and 21-d-old cotyledons and hypocotyls and in 21-d-old roots and leaves from B. napus seedlings visualized by western blotting using the antibody 3D7 are shown in Figure 4 . Extracts of 5-d-old cotyledons and hypocotyls contained the 75-, 70-, 65-, and 66-kD myrosinases. In addition, they both contained several myrosinase species with molecular masses between 75 and 70 kD. In 21-d-old cotyledons, hypocotyls, and leaves, 65-and 66-kD myrosinases predominated. Also, a 70-kD myrosinase was present in 21-d-old cotyledons and leaves, and 75 and 70-kD myrosinases were present in lower amounts in 21-d-old hypocotyls. In 21-d-old roots the myrosinase concentration was low, although trace amounts of 75-, 70-, 66-, and 65-kD myrosinases could be identified. 
Myrosinase Gene Expression during Embryogenesis
The accumulation of myrosinase during embryogenesis was previously investigated by western blot analysis of protein extracts from seeds harvested on different DAP (Hoglund et al., 1991) . In that study a nondenaturing buffer was used for extraction of proteins. To eliminate the possibility of incomplete extraction, the accumulation of myrosinase during embryogenesis was studied by western blotting using protein extracts from B. napus seeds of different ages made with SDS-PAGE sample buffer. As shown in Figure 5A , myrosinases appeared 30 DAP and accumulated continuously during seed development. Indeed, the solubilization of the 70-and 65-kD myrosinases was considerably more efficient using the denaturing extraction buffer. However, no major difference in the temporal accumulation of the 75-, 70-, and 65-kD myrosinases could be seen.
To investigate the expression pattern of the myrosinase MA and MB gene families during embryogenesis, the MA and MB myrosinase family-specific probes were hybridized to a slot blot filter containing total RNA from seeds harvested at different times after pollination. MA and MB transcripts started to accumulate at about the same time, 20 DAP, and were present as late as 45 DAP, as shown in Figure 5B . From the slot blot analysis the timing of the increase and decline of the amount of accumulated transcripts seems to be the same for both gene families. The accumulated amounts of MA and MB gene family transcripts reached the highest level approximately 35 DAP. There are large quantitative differences between the two families; the MB transcripts accumulated about 3-fold the amount of MA transcripts. Figure 6 shows the detailed localization of MA and MB myrosinase gene transcripts in developing seeds of B. napus as investigated by in situ hybridizations with MA and MB family-specific antisense probes. Sections from seeds harvested between 20 and 45 DAP were analyzed. MA and MB transcripts were first detected 25 DAP in a few cells in the axis and cotyledons. These cells reacted with an anti-myrosinase antibody; hence, they are identical with the previously defined myrosin cells (data not shown). Approximately 30 to 35 DAP the labeling was strongest and then declined, although transcripts were present as late as 45 DAP. The transcripts annealing to the MA probe were present mainly in the axis, although some cells in the cotyledons were also positive. MB genes were expressed in all parts of the embryo, although to a slightly higher degree in the cotyledons than in the axis. The question of whether MA and MB transcripts were present in the same cell in the axis and cotyledons was tested using separate in situ hybridizations of consecutive sections. Figure 6 clearly shows that at least some myrosin cells in both the axis and cotyledons accumulated both types of mRNA. This was true for all times tested. In situ hybridizations with MA and MB family-specific sense probes were completely negative (data not shown).
MA Genes Are Preferentially Expressed in Axis, whereas MB Genes Are Expressed in the Entire Embryo of Immature Seeds
75-kD Myrosinases Are Coded for by Genes Belonging to the MA Family
The difference in expression pattern of the MA and MB genes in embryos prompted an analysis of protein extracts from isolated axis and cotyledons of 45-DAP B. napus embryos for their content of myrosinases. In the axis all myrosinase species were present, although the 65-and 66-kD bands were relatively less intense than in a total seed extract, as shown in Figure 7 . In contrast, in cotyledons the 75-kD myrosinase band was very weak and the 66-kD band somewhat stronger than in a total seed extract.
The presence of the 75-kD myrosinase in the axis and its near absence in cotyledons in seeds 45 DAP correlated well with the localization of MA transcript-containing myrosin cells (cf. Figs. 6 and 7) . To investigate whether 75-kD myrosinases might be encoded by the MA gene family, this protein was isolated from seeds and fragmented by digestion with the endoproteinase Lys C. Peptides were isolated by reversephase chromatography and subjected to amino-terminal sequencing. The partial sequences obtained were compared with sequences deduced from a B. napus cDNA clone (Falk et al., 1992) and S. alba cDNA clones as well as S. alba MA myrosinase peptide sequences (Xue et al., 1992; B. Ek, unpublished data) . Comparisons of the sequences of two informative 75-kD myrosinase peptides to relevant portions of MA and MB sequences are shown in Figure 8 . The peptide Lys C-l was identical with the available MA sequences but differed in 10 or 11 positions from four MB sequences. Likewise, peptide Lys C-2 was identical in 19 of 20 positions with an S. alba MA peptide sequence but in only 13 positions with two MB sequences. Thus, the 75-kD protein is encoded by the myrosinase MA family.
DISCUSSION
Several studies have been published concerning myrosinase isoenzyme patterns and activities in B. napus seeds, seedlings, and mature organs (Pihakaski and Pihakaski, 1978; Phelan and Vaughan, 1980; Wilkinson et al., 1984; Bones, 1990; James and Rossiter, 1991) . In all of these studies myrosinase was detected by its enzymic activity. Therefore, mainly buffered dilute salt solutions that did not compromise the native state of the enzyme were used in the extractions of the tissues. From our study, in which myrosinases were detected using a monoclonal antibody, we have found that extraction with dilute salt solutions does not solubilize all myrosinase species. In seeds, this is true especially for the 70-and 65-kD myrosinases (Fig. 1) . The reason why these myrosinase species are difficult to extract is not obvious. One difference between the 75-and the 70-and 65-kD myrosinases is the binding of the latter to myrosinase-binding proteins during isolation (Lenman et al., 1990) . Whether this has any relevance to the poor solubility of 70-and 65-kD myrosinases is not known. However, it is evident that the complexity of myrosinases has been underestimated in the studies mentioned above, because only a portion of the existing myrosinases were investigated. This is also true for an earlier study in which myrosinase was detected by western blotting using the 3D7 antibody (Lenman et al., 1990) . In that study, three major myrosinase species with molecular masses of about 75, 70, and 65 kD were extracted from B. napus mature seeds with an imidazole-HCl buffer. In addition, low amounts of myrosinases were found with sizes of 73, 68, and 66 kD (Lenman et al., 1990) . From the comparison of the extraction buffers (Fig. 1) , it is clear that 70-, 66-, and 65-kD myrosinases were underrepresented in seed protein extracts when nondenaturing buffers were used. It is obvious that part of the complexity of myrosinase isoenzymes in B. napus is due to the fact that this species is an amphidiploid between B. oleracea and B. campestris. However, western blot analysis with the monoclonal antibody 3D7 showed that the 75-, 73-, 70-, 68-, 66-, and 65-kD myrosinases were present in protein extracts from mature seeds of all of these species (M. Lenman, unpublished observation).
The identification of isoenzymes using antibodies suffers from the obvious limitation that they might not recognize all isoforms. Also, the antibodies might cross-react with other proteins giving erroneous results. We cannot exclude the existence of myrosinase isoforms in B. napus that are not recognized by the antibodies. However, all B. napus and S. alba protein fractions, displaying myrosinase activity reacted with both the monoclonal antibody 3D7 and the anriserum K505 in western blot analysis (our unpublished observations). The antibodies reacted specifically with myrosin cells in immunocytological studies (Hoglund et al., 1991 (Hoglund et al., , 1992 . Furthermore, all proteins reacting with the 3D7 monoclonal antibody that have been analyzed by partial amino acid sequence determination were identified as myrosinases. These include the 75-, 70-, 66-, and 65-kD proteins from B.
napus seeds (see below; A. Falk and B. Ek, unpublished data) and the corresponding proteins from S. alba seeds as well as the 66-and 65-kD equivalents from S. alba cotyledons (Xue et al., 1992; B. Ek, unpublished data) . Accordingly, we believe that western blot analysis with the 3D7 antibody gives an accurate view of the myrosinase isoforms present in a tissue.
Our western blot analyses of myrosinases in seeds, seedlings, and mature organs revealed a spectrum of different myrosinase isoenzymes. In addition to the existence of myrosinases that differ quite extensively in molecular mass, it is likely that each myrosinase band on a western blot contains several myrosinase species. Previously, we showed the existence of at least three 75-kD myrosinase isoenzymes (Lenman et al., 1990) . These three 75-kD myrosinases probably correspond to the Ci-3 myrosinases studied by Lonnerdal and Janson (1973) , the C a , C b , and C c myrosinases identified by Bones and Slupphaug (1989) , and the MI myrosinase identified by James and Rossiter (1991) . The Mil myrosinase (James and Rossiter, 1991) and the A, B, and D myrosinases studied by Lonnerdal and Janson (1973) probably include 70-and 65-kD myrosinases, although the major constituent of the Mil fraction was reported to have a molecular mass of 62 kD. Furthermore, we found developmentally regulated changes in the organ-specific myrosinase isoenzyme pattern.
In cotyledons dissected from seeds 45 DAP, 70-and 65-kD myrosinases, but only trace amounts of 75-kD myrosinases, were present (Fig. 7) . In cotyledons soon after germination myrosinase species with molecular masses between 75 and 70 kD were found together with the myrosinases of 75, 70, 66, and 65 kD. Sixteen days later, mainly 65-and 66-kD myrosinases and a low amount of 70-kD myrosinases could be detected (Fig. 4) . A similar switch during seedling growth from myrosinases with high molecular masses to those with low molecular masses was found in hypocotyls. Furthermore, leaves harvested 21 d after germination contained mainly 66-and 65-kD myrosinases, whereas mature leaves had only 72-kD myrosinases. The mechanisms behind these switches are unknown.
There may be numerous explanations for the existence of several myrosinase isoforms with the same molecular mass such as the Ci-3 myrosinases studied by Lonnerdal and Janson (1973) and myrosinases that differ quite extensively in molecular mass. One explanation is differences in glycosylation.
75 kDa Lys C-l Sa CNBr-1 Lenman et ai.
Plant Physiol. Vol. 103, 1993 The B. napus seed myrosinases C1-3 studied by Lonnerdal and Janson (1973) differ in their carbohydrate content, and the MII myrosinase is significantly less glycosylated than the MI myrosinase (James and Rossiter, 1991) .
Another explanation for the existence of severa1 myrosinase isoforms is the existence of different families of myrosinase genes. Partia1 amino acid sequence of the 75-kD myrosinases from mature seeds revealed them to be encoded by myrosinase MA genes (Fig. 8) . However, we cannot exclude that MA genes also encode other myrosinases. The nature of the other myrosinase species in seeds is unknown. They might be encoded by MA, MB, and/or an unidentified additional family of myrosinase genes. The lack of myrosinase MA but presence of MB transcripts in vegetative tissues suggests that many or possibly a11 myrosinases in these tissues are encoded by MB myrosinase genes (cf. Figs. 2 and 3) . In B. napus approximately 10 MB genes exist (Lenman et al., 1993) , but only one B. napus MB sequence is available (Falk et al., 1992) . However, one full-length and two partial S. alba MB cDNA clones have been sequenced (Xue et al., 1992) . The deduced amino acid sequences of these clones differ by about 8%. Furthermore, a11 myrosinases identified are heavily glycosylated (Lonnerdal and Janson, 1973; Bones and Slupphaug, 1989) .
It should be noted that the sites for N-linked glycosylation are not coaserved among the MB sequences compared (Xue et al., 1992) . Thus, it is possible that at least part of the size heterogeneity of myrosinase isoenzymes within a specific tissue is due to an expression of MB genes giving rise to MB myrosinases with different amino acid sequences and different degrees of glycosylation. Accordingly, the differences in myrosinase isoenzyme pattern between different tissues may be due to a differential expression of these MB genes. Furthermore, differential modification in different organs and at different stages of development of identical myrosinases might contribute to the observed changes in myrosinase isoenzyme patterns. Finally, it cannot be excluded that there exists an as yet unidentified additional family of myrosinase genes encoding some of the myrosinase species observed.
The activity of myrosinases isolated from B. napus seeds against different glucosinolates has been studied. Bjorkman and Lonnerdal (1973) found that six different aliphatic and aromatic glucosinolates are degraded at different rates by B.
napus myrosinases A and B. The hydrolysis curves were identical for A and B for a11 substrates except progoitrin; the hydrolysis rate of progoitrin was much higher with myrosinase B than with A. James and Rossiter (1991) demonstrated a difference in substrate specificity between their MI and MII myrosinases. In the absence of ascorbic acid, the MII was twice as active as the MI myrosinase against the aliphatic glucosinolates progoitrin and against phenylethylglucosinolate, whereas in the presence of 0.3 mM ascorbic acid there was no significant difference in activity against these glucosinolates.
In the presence of ascorbic acid, the MII myrosinase was twice as active against sinigrin as the MI myrosinase, whereas the reverse was true for the two indolyl glucosinolates, glucobrassicin and neoglucobrassicin. Comparisons of substrate specificities between myrosinases present in different parts of the plant are important because the glucosinolate pattern varies in different organs but also within an organ durmg its Me cycle (Uppstrom, 1983; Sang et al., 1984; McGregor, 1988; Clossais-Besnard and Larher, 1991) . In the seed, three glucosinolates, 2-hydroxy-3-butenylglucosinolate, 3-tlutenylglucosinolate, and 4-hydroxy-3-indolylmethylglucosinolate, dominate. During seedling growth other glucosinolates, such as 3-indolylmethylglucosinolate and N-methoxy-3-indolylmethylglucosinolate, start to accumulate. A sixthl type of glucosinolate, 2-phenylethylglucosinolate, is found niainly in the root and hypocotyl. It seems possible that glucosinolates and myrosinases have co-evolved. If that is true, the 72-kD myrosinase present in mature tissues can be suggested to degrade efficiently 3-indolylmethylglucosinolate t hat is present in these tissues. There is some evidence that insects react differently on different glucosinolate degradation products. Therefore, the elucidation of the substrate specificity of myrosinase isoenzymes from different parts of seedlings and mature plants is important for the understanding of the biological role of this enzyme.
Myrosinase genes are expressed only in a single cell type, the myrosin cell. Furthermore, there is a definite difference in expression patterns between MA and MB myro.,' "inase genes. Moreover, the transcription of MB genes might be under differential spatial and temporal regulation. These notions clearly suggest that the myrosinase gene families are highly interesting systems for the study of complex gene regulation.
